Abstract Sudan dyes are phenyl-azoic derivatives widely used in industry. Classified as carcinogenic and are strictly forbidden in foodstuffs; however, some unscrupulous businessmen adopted it for coloring foodstuffs. Here, a simple and effective fluorescence (FL) assay platform has been developed for the detection of Sudan I-IV based on CsPbBr 3 perovskite quantum dots (QDs). It was found that the fluorescent emission of CsPbBr 3 QDs can be effectively quenched by Sudan I-IV. Under the optimized conditions, the FL quenching efficiency of CsPbBr 3 QDs was quantitatively correlated to the logarithmic concentrations of Sudan I-IV over the ranges of 100-10,000, 0.1-1000, 0.1-2000 and 0.4-1000 ng mL -1 for Sudan I-IV, and the corresponding limits of detection were 3.33, 0.03, 0.03 and 0.04 ng mL -1 (at 3r/slope), respectively. CsPbX 3 QDs (X = Cl, Br, and I or mixed halide systems Cl/Br and Br/I) was utilized as sensor in FL assay, which have unique optical properties of high FL quantum yields (up to 90%), narrow half peak width (26 nm) and tunable FL emissions spectra (410-700 nm). Meanwhile, the practical use of this assay platform for Sudan I-IV detection in chilli powder samples was also demonstrated, which indicated the potential in practical applications.
Introduction
Sudan dyes, including Sudan I, II, III and IV, are a class of lipophilic azo dyes with an orange-red appearance, which are commonly used as colorants in plastics, textiles, waxes, printing inks, cosmetics and so on. But using Sudan dyes as food additive is strictly forbidden, as they may induce some forms of cancer and have been classed as category 3 carcinogens by International Agency for Research on Cancer (IARC) (Stiborová et al. 2002) . However, because of their low cost and bright color, they are still utilized illegally in food products (Shan et al. 2012) . Therefore, it is crucial to develop a rapid method to detect Sudan dyes in foodstuffs for guaranteeing the safety of consumers. To date, a variety of analytical methods for Sudan dyes in foodstuffs have been proposed, mainly including high performance liquid chromatography (HPLC) (Sricharoen et al. 2017) , mass spectrometry (Mazzotti et al. 2008; Sciuto et al. 2017) , raman spectroscopy (Cheung et al. 2010; Anibal et al. 2012; Ou et al. 2017) , chemiluminescence flow injection analysis (Liu et al. 2007 ), molecular imprinting method (Xu et al. 2014) , electroanalytical technique (Ensafi et al. 2012) , enzyme-linked immune method (Haustein et al. 2012; Wang et al. 2012 ) and fluorescence method. Among them, fluorescence method has attracted great interests due to the simple instruments and easy operations.
In fluorescent assay, the fluorophore, as an indispensable part of the fluorescent sensor, determines the performance and application. Commonly, organic fluorophores and quantum dots (QDs) are used as fluorophores. However, most organic fluorophores excited at short wavelengths have photobleaching and limited photostability (Kim et al. 2011; Toutchkine et al. 2003) , which restricts their use in some fields. Recently, QDs have also been widely studied and applied in many fields as an potentially superior alternative to organic fluorophores (Louie 2010; Yao et al. 2014; Zhou et al. 2015) , due to their unique merits of being easy to synthesize, high resistance to photobleaching (Alivisatos 1996) and good photostability (Dubertret et al. 2002; Wu et al. 2003; Medintz et al. 2005) . Unfortunately, the FL quantum yields of most traditional QDs are not high (Singh et al. 2010; Zeng et al. 2012) . Furthermore, FL emission spectra of most traditional QDs are not tunable or only be tuned via size-tuning. While the size-tuning route is limited in many fields, it is hard to achieve a batch-tobatch consistent fluorescence efficiency or an exact size (Look and Manthuruthil 1976; Murray et al. 2002; Ritter and Lyding 2009) . Therefore, it is meaningful to find stable QDs with high FL quantum yields and tunable emissions.
It was reported that CsPbX 3 QDs were novel optoelectronic materials with unique optical properties (Akkerman et al. 2015; Protesescu et al. 2015; Wei et al. 2016) . Firstly, the quantum yields of CsPbX 3 QDs were high up to 90%, which were critical for high sensitivity. Secondly, the narrow line-widths of the FL emission spectra were just 12-42 nm, which were beneficial to selectivity detection. Of particular importance, the FL emission spectra were readily tunable over the entire visible region of 410-700 nm via quantum size-effects and compositional modulations. With high quantum yields, narrow linewidths and tunable FL emission feature, CsPbX 3 QDs are expected to be capable of functioning as a powerful fluorophore to build inner filter effect (IFE) based fluorescent assay platform. It might provide sensitive and selective assay platform for many analytes, whose UV-Vis absorption spectra located in the region of 410-700 nm, based on IFE. However, to the best of our knowledge, its application in fluorescence detection has not been reported to date.
Herein, CsPbBr 3 QDs have been synthesized and firstly utilized for the detection of Sudan I-IV (Chemical structures are shown in Fig. S1 ) based on IFE. As illustrated in Scheme 1, CsPbBr 3 QDs exhibited bright green fluorescence under the UV excitation, and upon addition of Sudan I-IV, the fluorescence could be efficiently quenched by Sudan I-IV as the absorption band of Sudan I-IV largely overlapped with the fluorescence spectrum of CsPbBr 3 QDs. Based on this mechanism, a simple and rapid, highly selective and sensitive sensing method has been developed for the detection of Sudan I-IV. Furthermore, the assay platform was successfully employed in the detection of Sudan I-IV in chilli powder samples, which demonstrated its potential for practical applications.
Materials and methods

Materials
Cesium carbonate (Cs 2 CO 3 ) (Sigma-Aldrich, 99.9%), octadecene (ODE) (Sigma-Aldrich, 90%), oleic acid (OA) (Sigma-Aldrich, 90%), oleylamine (OLA) (Sigma-Aldrich, 80-90%), Lead (II) bromide (PbBr 2 ) (Sigma-Aldrich,
and otolylazo-otolylazobetanaphthalenol (Sudan IV) were all obtained from Sigma (Shanghai, China, [ 93.0%). Other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (China), and used directly without further purification. The chili powder was purchased from local supermarket (Changsha, Hunan, China), colour: red, size: 30-50 mesh, moisture: \ 10%.
Apparatus
A Hitachi F20 transmission electron microscope (Tokyo, Japan) was used to characterize the morphology and size distribution of CsPbX 3 QDs. Samples were prepared by dropping washed and diluted (in n-hexane) QDs solutions onto carbon-coated 200 mesh copper grids with subsequent solvent evaporation. And a FT-IR spectrophotometer (Nicolet Instrument Co., USA) was used to obtain fourier transform infrared (FT-IR) spectra between 4000 and 700 cm -1 . The X-ray diffraction (XRD) patterns of CsPbX 3 QDs were obtained using a D8 Advance (Bruker) X-ray diffractometer with Cu Ka radiation. Chromatographic analysis was performed using a Shimadzu liquid chromatograph LC-20A (Kyoto, Japan), equipped with binary solvent delivery units (LC-20AD), UV-Vis detector (SPD-20A). Separations were conducted with a Zorbax SB-OFF Scheme 1 Schematic illustration of the Sudan dyes detection mechanism using the CsPbBr 3 QDs C18 column (4.6 mm 9 150 mm, 3.5 lm particle size, Kyoto, Japan), the column temperature was thermostated at 30°C and the sample injection volume was 10 lL. An UV-2450 spectrophotometer (Shimadzu Co., Japan) was employed to record the UV-visible absorption spectra, the QDs solutions were prepared by diluting the crude QDs solutions in n-hexane (50 lL in 1 mL), in 1 cm path length quartz cuvettes with airtight screw caps. An F-7000 fluorescence spectrophotometer (Hitachi Co., Japan) was used to record all the fluorescence spectra and measure the fluorescence intensity under the excitation of 400 nm continuous-wave, the QDs solutions were prepared by diluting the crude QDs solutions in n-hexane (50 lL in 1 mL), in 4 mL covered quartz cuvette. Fluorescence test conditions: the excitation wavelength was 400 nm, temperature was 25°C, incubation time was 4 min, the excitation slit width was 5 nm and the emission slit width was 5 nm.
Synthesis of CsPbBr 3 QDs
The preparation of CsPbBr 3 QDs was carried out as follows (Protesescu et al. 2015) : typically, PbBr 2 (0.376 mmol), ODE (10 mL), OA (1.0 mL) and OLAM (1.0 mL) were loaded in a 25 mL 3-neck flask and dried under N 2 for 1 h at 120°C. Then, the temperature was raised to 155°C and 0.8 mL of Cs-oleate (previously synthesized: Cs 2 CO 3 (0.4 g) in 15 mL of ODE and 1.75 mL of OA at 150°C under N 2 ) was quickly injected. 3-5 s later, the reaction mixture was quickly cooled down in an ice bath. Then, the QDs were purified by high speed centrifugation (at 12,000 rpm for 20 min). Finally, CsPbBr 3 QDs were redispersed in 10 mL n-hexane forming long-term stable solutions.
Fluorescence quenching experiments with analytes
Fluorescence titrimetric method was used in this work. Firstly, different concentrations of Sudan I-IV were prepared, and the concentration of Sudan I-IV was 0-0.6 mg mL -1 . Then 20 lL Sudan I-IV was added into 4 mL covered quartz cuvette containing 2 mL CsPbBr 3 QDs solutions from low concentration to high concentration successively, the QDs solutions were prepared by diluting the crude QDs solutions in n-hexane (50 lL in 1 mL). After mixed evenly, the fluorescence spectra were obtained on an F-7000 fluorescence spectrophotometer. Test conditions: the excitation wavelength was 400 nm, temperature was 25°C, incubation time was 4 min, the excitation slit width was 5 nm and the emission slit width was 5 nm.
Real sample assays
Chilli powder samples were used to demonstrate the feasibility of CsPbBr 3 QDs for the detection of Sudan I-IV from complicated matrices. The samples were prepared with a standard addition method: appropriate amounts of Sudan I-IV standard solution were added into the chili powder commercially purchased from a local supermarket (Changsha, China). Then 1.0 g prepared sample was extracted ultrasonically by 30 mL n-hexane for 30 min and centrifugal sedimentation was carried out for 10 min at 10,000 rpm. At last, the extraction liquid was collected in a sealed flask for detection. The concentrations of Sudan I-IV in each samples were determined using the proposed method and were also analyzed using the National Standard of the People's Republic of China (GB/T 19681-2005) to test the accuracy of the proposed method.
Results and discussion
Characterization of CsPbBr 3 QDs
The morphology of CsPbBr 3 QDs was characterized by TEM. As shown in Fig. 1a , the TEM image reveals that the CsPbBr 3 QDs have the average diameters of about 8 nm and well dispersed in n-hexane solution. The HRTEM of CsPbBr 3 QDs shows the lattice spacing of 0.58 nm, which agrees well with the (100) facet of CsPbBr 3 QDs. The structure of CsPbBr 3 QDs was characterized by XRD and FT-IR. The XRD pattern (Fig. 1b) and the HRTEM of CsPbBr 3 QDs showed that CsPbBr 3 QDs crystallized in the cubic phase. As shown in Fig. 1c , two peaks at 3440 and 1640 cm -1 are observed, which could be attributed to the O-H(-COOH) stretching and C=C bending vibrations, respectively. It implied that the oleic acid was successfully capped on the CsPbBr 3 QDs surface. The absorption spectrum of CsPbBr 3 QDs is shown in Fig. S2A . The fluorescence spectra of CsPbBr 3 QDs under different excitation wavelength are shown in Fig. S2B , it can be seen that the CsPbBr 3 QDs show excitation-independent fluorescence behavior. Consider the fluorescence intensity and the difficult to eliminate the background interference in complex samples due to the shorter wavelength excitation, we chosen 400 nm as the excitation light for further application. The optical stability of CsPbBr 3 QDs was characterized by fluorescence spectra. As shown in Fig. 1d , the FL intensity shows negligible change (\ 5%) even after continuous excitation with a 150W Xe lamp (400 nm) for 80 min, indicating that the CsPbBr 3 QDs show excellent photostability.
Detection mechanism
The FL response of CsPbBr 3 QDs to the Sudan I-IV and the quenching mechanism were discussed. As shown in Fig. 2a , upon addition of Sudan I-IV, the emission of CsPbBr 3 QDs is efficiently quenched and no shift of the wavelength is observed. Under the excitation of 400 nm, the CsPbBr 3 QDs exhibited strong fluorescence emission around 515 nm, with a narrow half peak width of just 26 nm, which was greatly overlapped with the absorption spectra of Sudan I-IV (As illustrated in Fig. 2b ). It has been reported that an efficient spectral overlap between the absorption band of the absorber and the emission band of the fluorophore would result FRET (Chen et al. 2014; Medintz et al. 2003; Sapsford et al. 2006) or IFE (Dong et al. 2012; Shao et al. 2005; Xiao et al. 2004) . Compared with FRET, IFE did not require any covalent linking (or interaction) between the receptor and the fluorophore. As shown in Fig. 2a , the emission intensity of CsPbBr 3 QDs remarkably decreased by adding increasing concentrations of Sudan I-IV without changes of the spectral feature (emission position and full width half maximum). It indicated that the observed decrease in fluorescence intensity of the CsPbBr 3 QDs was attributed to the Sudan I-IV directly quenching the CsPbBr 3 QDs fluorescence, i.e. fluorescence may be quenched by the so-called inner filter effect (Zhou et al. 2013) . To further confirm the mechanism, UV-Vis absorption spectra of Sudan I-IV solution in the absence and presence CsPbBr 3 QDs were recorded and shown in Fig. S3 . No changes in the absorption bands position of Sudan I-IV are observed after adding CsPbBr 3 QDs, which indicates that no complexes were formed. Therefore, no interaction between Sudan I-IV and CsPbBr 3 QDs occurred. Therefore, we inferred the fluorescence quenching mechanism was IFE.
Optimization of the fluorescent assay platform for Sudan I-IV
In order to optimize the detection conditions for Sudan I-IV by using CsPbBr 3 QDs as the fluorescence probe, several factors including solvent, temperature, and reaction time were investigated. Firstly, we tested the fluorescence intensities of CsPbBr 3 QDs in different solvents, such as nhexane, methylbenzene acetone, petroleum ether and dimethyl sulfoxide (DMSO) and the results were shown in Fig. S4A . The results suggested that the fluorescence intensities of CsPbBr 3 QDs in n-hexane were higher than in other solvents, which is probably due to better dispersion of oleic-capped CsPbBr 3 QDs in n-hexane than that in other organic solvent. So we choose n-hexane as detection solvent. Next, we optimized the detection temperature and choose Sudan I as example. As shown in Fig. S4B , it obviously conveyed that the most suitable temperature for this sensing system is 25°C. Finally, the effect of different incubation times ranging from 0 to 10 min on quenching efficiency ((F 0 -F)/F 0 ) was investigated. As shown in Fig. S4C , the ((F 0 -F)/F 0 achieved a stable value at 3, 3, 4, 3 min for Sudan I-IV, respectively. So the incubation time is selected as 4 min.
Detection of Sudan dyes under the optimized condition
Under the optimized conditions, the fluorescence spectra of CsPbBr 3 QDs in the presence of different concentrations of Sudan I-IV were recorded. As shown in Fig. 3 , the fluorescence intensity of the CsPbBr 3 QDs gradually decreased with the concentration of Sudan I-IV. There were good QDs (e) and absorption spectra of Sudan I (a), Sudan II (b), Sudan III (c), Sudan IV (d), respectively. Test conditions: the excitation wavelength was 400 nm, temperature was 25°C, incubation time was 4 min, the excitation slit width was 5 nm and the emission slit width was 5 nm correlations between the quenching efficiency ((F 0 -F)/ F 0 ) and the logarithmic concentration of Sudan I-IV (insets of Fig. 3) in the range of 100-10,000, 0.1-1000, 0.1-2000 and 0.4-1000 ng mL -1 with the correlation coefficients (R 2 ) of 0.9936, 0.9886, 0.9922 and 0.9876, and the regression equations were (F 0 -F)/F 0 = -0.51446 ? 0.28859logC Sudan I , (F 0 -F)/F 0 = 0.12856 ? 0.08735log C Sudan II , (F 0 -F)/F 0 = 0.23584 ? 0.14911logC Sudan III , and (F 0 -F)/F 0 = 0.05772 ? 0.12813logC Sudan IV , the limit of detection (LOD) was 3.33, 0.03, 0.03 and 0.04 ng mL -1 (3r/slope), respectively. It is obvious that the fluorescence quenching efficiency of Sudan II-IV is higher than that of Sudan I, which is probably due to the bigger overlap extent between fluorescence spectrum of CsPbBr 3 QDs and absorption spectra of Sudan II-IV than that of Sudan I (Fig. 2b) . The good linear relationships and the low LODs implied that the CsPbBr 3 QDs have promising application in the detection of Sudan dyes. For comparison, an overview of recently reported analytical methods for Sudan dyes detection was shown in Table S1 .
It is obvious that the proposed fluorescence assay platform exhibits superior sensitivity, rapid response and a wider linear response range for Sudan dyes detection.
Selectivity for detection of Sudan I-IV
To interstate the selectivity, the interferences of L-Cys, LLys, L-Glu, ascorbic acid, fructose, glucose, sucrose, urea, b-cyclodextrin, sodium citrate and sodium benzoate were carried out under optimum conditions. As shown in Fig. 4 , there are little changes of fluorescence intensity of CsPbBr 3 QDs even the interfering substance are saturated in this detection system, which could be explained by the two reasons: first, the interferences from some hydrophilic chemicals such as salts are hardly dissolved in the nonpolar solvent (n-hexane). Second, the CsPbBr 3 QDs have narrow fluorescence emission spectrum with half peak width of 26 nm, which is difficult to be effected by other chemical. So, the developed platform here showed high selectivity toward Sudan dyes detection.
Real sample analysis
Because Sudan I-IV are phenyl-azoic derivatives with an orange-red appearance, so some unscrupulous businessmen adopted it for coloring foodstuffs, such as chili powder. However, owning to their azoic structure, Sudan I-IV has evident toxic effects to human healthiness. Thus, determinations of Sudan I-IV in chili powder are required for the assurance of consumer healthiness. Thus, the developed method was employed to determine Sudan dyes in the chili powder samples. The results are given in Table 1 , the recoveries of Sudan I-IV were obtained, which ranged from 97.0 to 103.0% and the relative standard deviations (RSD, n = 3) were less than 2.9%. To assess the accuracy of the proposed fluorescence assay platform, the obtained results were compared with those obtained via the National Fig. 3 The normalized fluorescence emission intensity of the CsPbBr 3 QDs in the presence of different concentrations of a Sudan I (from 1 to 15: 0, 100, 300, 500, 700, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000 and 10,000 ng mL (Table 1 ). These results indicating that the proposed sensor can be successfully applied for the detection of Sudan dyes in real samples.
Conclusion
In conclusion, we have successfully developed a fluorescent assay platform based on CsPbBr 3 QDs, which provided an efficient approach for the detection of Sudan I-IV with good selectivity and sensitivity. This fluorescent assay platform has many advantages, such as simplicity, rapidity, low-cost, high sensitivity and high selectivity. Furthermore, the assay platform has been successfully employed in the detection of Sudan I-IV in chilli powder samples with satisfactory results. This work has opened a gate for the use of CsPbX 3 (X = Cl, Br, and I or mixed halide systems Cl/Br and Br/I) in fluorescence detection and also gives new insight into monitoring the quality of chilli powder. 
